Abstract. The role of amyloid-␤ (A␤) in the neurodegeneration of Alzheimer's disease remains controversial, to a large extent because of the lack of robust neurodegeneration in mouse models of AD. To address this question, we examined the effects of A␤ antibodies in the recently described monoaminergic (MAergic) axonal degeneration in AβPPswe/PS1dE9 mice. To determine if A␤ accumulation is directly involved in degeneration of MAergic axons, we examined the effects of passive anti-A␤ antibody (7B6) administration on A␤ pathology and MAergic degeneration in AβPPswe/PS1dE9 mice. Injections of monoclonal antibody (mAb) 7B6 into mice (6 to 9 months of age) resulted in a modest reduction of A␤ load in the brains of AβPPswe/PS1dE9 mice. In addition, 7B6 treated AβPPswe/PS1dE9 mice had significantly higher densities of MAergic axons in both cortex and in hippocampus as compared to untreated mutant mice. For example, 7B6 treated mice showed almost 2-fold greater densities of serotonergic (5-HT) axons in the cortex compared to saline treated mice. Similar findings were observed in the catecholaminergic (TH) axons. Our results demonstrate that lowering of A␤ levels via passive A␤ immunotherapy ameliorates ongoing degenerative processes, supporting a causal link between A␤ and neurodegeneration.
INTRODUCTION
Amyloid plaques, consisting of amyloid-␤ (A␤) peptide, along with the presence of neurofibrillary tan-gles (NFTs) and progressive degeneration of neuronal processes and synapses, are the pathological hallmarks of Alzheimer's disease (AD) [1] . The role of A␤ in AD-associated neurodegeneration, however, remains controversial, to a large extent because of the lack of robust neurodegeneration in mouse models of A␤ amyloidosis [2] [3] [4] .
Recently, we demonstrated that a progressive degeneration of monoaminergic (MAergic) neurons occurs with progressive deposition of A␤ in the AβPPswe/PS1dE9 mouse model [5] . In these mice, degeneration of cortical and hippocampal MAergic axons becomes apparent prior to 12 months of age, followed by loss of neuronal cell bodies by 18 months of age [5] . These results indicate that similar to the loss of MAergic neurons occurring in human [6] [7] [8] [9] [10] , degeneration of MAergic axons followed by loss of neurons can be reproduced in a mouse model. Further, because MAergic neuropathology occurs at the earliest stages of AD [7, 10] , a mouse model of cerebral amyloid pathology can model early neurodegenerative stages of AD [5] . While MAergic degeneration in AβPPswe/PS1dE9 mice occurs with the accumulation of A␤ in the target fields of the MAergic afferents, it is unknown if accumulation of A␤ is the primary factor driving the initial degeneration of MAergic axons. In addition, A␤ deposition initiates other pathological changes which may be responsible for axonal and neuronal degeneration. This question is particularly relevant since therapeutic interventions being developed to lower A␤ deposition may not prevent neurodegeneration and therefore fail to slow the progression of AD in humans [11] . However, it is possible that the pathological effects of A␤ are not reversible at later stages of AD.
Herein, we determined if A␤ is indeed responsible for the onset of MAergic neurodegeneration and whether neurodegenerative effects of A␤ can be attenuated at "preclinical" stages of disease in the AβPPswe/PS1dE9 mice. We show that passive A␤ immunization of AβPPswe/PS1dE9 mice resulted in modest reduction in brain amyloid burden and significant attenuation in the loss of MAergic afferents. Our results demonstrate that the extent of MAergic neurodegeneration is highly sensitive to A␤ accumulation and support the view that lowering A␤ accumulation could be neuroprotective at early neuropathological stages.
MATERIALS AND METHODS

Mice
AβPPswe/PS1dE9 mice (n = 13) in B6/C3 hybrid background (Line 85) express a chimeric mouse/ human (Mo/Hu) A␤PP-695 with mutations (KM 593/ 594 NL) linked to familial AD. By 4-6 months of age, the AβPPswe/PS1dE9 mice develop amyloid deposits in cerebral cortex and hippocampus [12] . The Institutional Animal Care and Use Committee of the Johns Hopkins University approved the studies, and they were conducted in strict compliance with the National Institutes of Health's "Guide for the Care and Use of Laboratory Animals".
Immunotherapy
For this study, we used a clone of murine cells that produces a mAb 7B6 directed against the first 11 N-terminal amino acids of human A␤ [13] . This IgG 1 antibody recognizes native A␤ in tissue sections and Western blots of frozen brain tissues from cases of AD and from AβPPswe/PS1dE9 mice. Each mouse in the study received 5 equally-spaced doses (approximately 3 weeks apart) of either 7B6 (250 g) or phosphate buffered saline (PBS, pH = 7.4) starting at 6 months of age and ending at 9 months of age. In this investigation, we examined two cohorts of mice: PBS injected mice (n = 7); and 7B6 injected mice (n = 7).
Tissue preparation
All of the mice were sacrificed by intracardiac perfusion with PBS (pH = 7.4), and their brains were immersion-fixed in 4% paraformaldehyde. Brains were treated with 30% sucrose for cryoprotection, and stored frozen at -80 • C until sectioning. Frozen brains were cut serially (40 m) on the sagittal plane. All animal procedures were performed in accordance with the Johns Hopkins Animal Care and Use Committee Guidelines.
Immunohistochemistry
Immunohistochemistry for A␤ was performed on 6 frozen parasagittal sections (40 m) using the 6E10 antibody (Covance, U.S.), and detected with an anti-mouse antibody (VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, CA). Sections were developed with 3,3 -diaminobenzidine (Vector Laboratories, Burlingame, CA), and counterstained with hematoxylin. Immunohistochemical detection of serotonergic (5-HT) and catecholaminergic (TH) fibers was conducted on 4 frozen parasagittal sections (40 m) each, with a polyclonal anti-5-HT antibody (Immunostar, Stillwater, MN), and a polyclonal anti-TH antibody (Novus Biologicals, Littleton, CO, USA). Primary antibodies were detected with an anti-rabbit antibody (VECTASTAIN Elite ABC kit, Vector Laboratories, Burlingame, USA), and developed with fast 3,3 -diaminobenzidine. In some cases, silver-gold intensification of immunoreactive fibers facilitated the identification of MAergic fibers.
Stereology
Area fraction
The area fraction of A␤ immunoreactivity in the hippocampus and cortex were quantified in six parasagittal sections from each mouse. The measurements of the area fractions were performed using a Stereo Investigator (MicroBrightField, Williston, VT) with a 40 × objective as described previously [13] .
Stereology of densities of MAergic axons
The densities of MAergic afferents were determined by stereological length estimations using spherical probes (Space Balls) (Stereo Investigator, MicroBright Field, Williston, VT) [14] as described previously [5] . For this study, a virtual hemispheric probe (radius 10.00 mm, surface area 628 mm 2 ) was used. Because the densities of MAergic afferents show significant regional and rostro-caudal heterogeneities, our analysis focused on the selected subregions defined by the mouse brain in stereotaxic coordinates [15] . For each of the neurotransmitter markers, a total of 4 sections selected from the defined regions (lateral 0.96 mm to 2.04 mm) were processed for immunocytochemistry. The regions examined were the cortex (S1Tr +PtA+V2ML) and whole hippocampus (Dentate + CA1+ CA2/3).
Brain homogenation and ELISA for human Aβ
Brain homogenation
Frozen hemibrains were sequentially extracted using a three-step method [16] . Frozen brains were sonicated first in 1× PBS pH 7.6 with 1× protease inhibitor, followed by 2% SDS, and finally in 70% formic acid. At each step, sonication was followed by centrifugation at 100,000×g for 1 h at 4 • C, and the supernatants were collected for ELISA.
ELISA
Samples were analyzed for A␤ and A␤ 1-42 using A␤ Human ELISA Kit and Human A␤ (Hu Ab42) High Sensitivity ELISA Kit (Invitrogen, USA), respectively. Samples were analyzed in duplicates.
Data analysis
Due to a small sample size, non-parametric (MannWhitney) comparison was used to compare A␤ area fractions and the MAergic axonal densities in the cerebral cortex and hippocampus of the mice that received 7B6 or PBS. Statistical analysis was performed using GraphPad Prism version 4.00 for Windows, GraphPad Software, San Diego, CA, USA.
RESULTS
To establish that the accumulation of A␤ is directly responsible for the MAergic degeneration in Aβ PPswe/PS1dE9 mice [5] , and to determine whether anti-A␤ therapy can attenuate progressive neurodegeneration in brain, we examined the effect of reducing A␤ pathology via systemic injections of anti-A␤ antibody (7B6) on the degeneration of MAergic axons. Previous studies showed that anti-A␤ antibody immunotherapy can reduce the A␤ burden [17] . However, because the in vivo models were not thought to exhibit overt progressive neurodegeneration [2] , it is not clear whether immunotherapy can protect from MAergic degeneration.
Following treatment with 7B6, a monoclonal antibody (mAb) directed against A␤ 1-11, for 3 months, the brain sections were immunostained for A␤ (6E10) and the 6E10 immunoreactive area fraction were determined as indicators of total amyloid deposition. The results show that 7B6 mAb treatment leads to a modest reduction of A␤ deposition in the brain of AβPPswe/PS1dE9 mice (Fig. 1) . Biochemical analysis for cerebral A␤ levels in various soluble fractions show that while 7B6 administration did not significantly reduce PBS and SDS soluble A␤ levels, 7B6 treatment resulted in significant and reduction in the insoluble (formic acid) fraction of both A␤ 40 and A␤ 42 (Fig. 2) .
To determine if administration of 7B6 can protect cortical and hippocampal MAergic afferents from degeneration, brain sections from the AβPPswe/ PS1dE9 mice receiving 7B6 or PBS (n = 7 each) were compared to examine the integrity of serotonergic (5-HT) and catecholarminergic (TH) afferents. The brain sections were immunostained for MAergic afferents and the density of the fibers in given brain region of interest were determined by unbiased stereology. The analysis of cortical 5-HT and TH fiber densities showed that in 7B6 treated mice, the 5-HT and TH afferent densities were 92% (p = 0.001) and 59% (p = 0.007) greater, respectively, than in the PBS treated mice (Fig. 3A) . In the dorsal hippocampus, mice injected with 7B6 showed 138% (p = 0.002) greater 5-HT axonal densities as compared to the mice that received PBS. TH axonal densities were 28% (p = 0.02) greater with 7B6 treatment in the hippocampus (Fig. 3B) . In addition, closer examination of the sections stained for There was 28% reduction in cortical A␤ deposits in the mice that received 7B6 as compared to the mice that received PBS with trends toward significance (p < 0.07). There was 38% reduction in hippocampal A␤ deposits in the 7B6 treated mice compared to the mice that received PBS, with trends towards significance (p < 0.07). Scale bar represents 100 m.
5-HT and TH afferents show that axonal dystrophy was less prominent in the 7B6 treated mice compared to those that received PBS (Fig. 4A, B) . Consistent with the previous study [5] , the overall densities of the cholinergic afferents were not obviously affected in the AβPPswe/PS1dE9 mice at this age. However, similar to that seen with MAergic afferents, dystrophic cholinergic terminals in the 7B6 treated mice were qualitatively less prominent than in the PBS treated mice (Fig. 4C ).
DISCUSSION
Our results show that a modest reduction in A␤ pathology by passive immunotherapy can lead to significant protection of MAergic afferents from degeneration in the AβPPswe/PS1dE9 mice, a robust model of cerebral amyloidosis. Since 7B6 is a mAb specific for human A␤ [13] , the likely mechanisms for the protection of MAergic afferents is the reduction of brain A␤ accumulation, which appears to damage terminals and axons [5] . Consistent with this view, 7B6 treatment leads to modest attenuation of overt amyloid deposits (Fig. 1) . Our biochemical analysis showed selective reduction of the FA soluble A␤ levels, but not of the PBS soluble A␤ levels with 7B6 treatment. However, in our hands, the levels of PBS soluble A␤ were in low abundance, which may have limited our ability to detect any real differences in the levels of the PBS soluble A␤ species. While our efforts to document changes in A␤ oligomers levels using commercial anti-oligomer antibodies were also not conclusive (not shown), fibrillar or protofibrillar A␤ are also thought to be associated with the formation of abnormal dystrophic axons and dendritic atrophy [18] . In addition, the toxic effects of the fibrillar A␤ may also be related to their possible roles as "reservoirs" for neurotoxic A␤ oligomers that are released from these sites AβPPswe/PS1dE9 mice were administered 250 g of 7B6 or PBS injections at 3 week intervals from 6 to 9 months of age (n = 7 per group). Frozen hemibrains were processed by a three-step sequential extraction method, and A␤ levels were determined by ELISA. In the phosphate buffered saline (PBS) and sodium dodecyl sulfate (SDS) brain homogenate fractions, there were no significant differences in the A␤ 40 and A␤ 42 levels in the group that received 7B6 injections compared to the group that received PBS injections. There was a significant difference in the A␤ 40 levels of the formic acid (FA) fraction between the mice that received PBS (245 ± 117.9 pmol/g) and those that received 7B6 (8.94 ± 3.05 pmol/g) (*p < 0.007). Similar reductions were seen in A␤ 42 levels between those that received PBS (807 ± 468 pmol/g) compared to those that received 7B6 (46.67 ± 18.11 pmol/g) (*p < 0.05). Error bars represent s.e.m. [19] . Recently, Koffie and colleagues demonstrated that A␤ oligomers surround amyloid plaques in the AβPPswe/PS1dE9 mouse model, and exert their neurotoxic effects even far from the plaques [20] . Once the A␤ oligomers cause degeneration of MAergic axons, the MAergic cell bodies may suffer from the chronic loss of retrograde trophic support, including the loss of brain derived neurotrophic factor (BDNF) [21] and neurotrophin-3 (NT-3) signaling. The second question is the site of the neuroprotection by immunotherapy, whether it is a local process targeting the distal MAergic axons/terminals in the forebrain or a more general effect affecting other regions of the brain. In our previous study [5] , there was significant age-associated progressive axonal degeneration of the forebrain MAergic system in AβPPswe/PS1dE9 mice detectable by 12 months of age. The loss of MAergic afferents occur in absence of any local A␤ deposits in the brainstem or intracellular accumulation of A␤ at this age [5] . Thus, MAergic neurodegeneration begins when A␤ deposits are limited to cortical/hippocampal region in these mice. Thus, we believe that the most likely neuroprotective sites are in the distal fields of MAergic projections to the forebrain where toxic A␤ has been removed, in part, by passive immunotherapy. Since we examined animals of the same age and at a single time point, we cannot determine whether the preservation of MAergic forebrain innervation in the treated group reflects the prevention of synaptic or axonal degeneration or enhanced regeneration of already injured fibers. However, since the age of mice used represent the initial stages of A␤ deposition, it is most likely that the administration of 7B6 acts predominantly to prevent the degeneration of MAergic axons. Finally, an important question that arises from our present observations in AβPPswe/PS1dE9 mice is their potential relevance to AD, a complex disease of the human brain. While A␤ appears to be a critical driver of the pathogenesis of the disease [22] , there are many other pathological processes and changes that occur in AD [23] . Degeneration of MAergic system is noted during the clinical course of AD [6, 24] . Its importance comes from interactions with other neurotransmitters of AD in modulating learning and memory [25] , and its involvement in behavioral and psychological signs of dementia [26] . Determination of the optimal treatment time point is critical in the development of therapeutic tools for AD. Our data with the AβPPswe/PS1dE9 model show that starting immunotherapy in the early stages of A␤ accumulation protects the MAergic axonal system, however, there may still be some axonal degeneration compared to the non-transgenic mice due to the neurotoxic effects of the soluble A␤. It would be important to determine how early immunotherapy can be started in order to maximally preserve the neurotransmitter systems. It is also important to determine how late in the disease stage immunotherapy would still be effective in reversing the course of the neurodegeneration or in facilitating regeneration, repair, and recovery. Different studies have shown that immunotherapy was able to promote recovery of neuritic dystrophy in older transgenic mouse models [27, 28] , however, it was proposed that more mature dystrophic neurite may not recover as well as a newly developed neuritic dystrophy [28] . As our study provides a strong proof of concept that A␤ immunotherapy can protect MAergic system from degenerating in the setting of brain A␤ amyloidosis, we believe that our observation of protection of MAergic axons by A␤ immunotherapy has substantial implications for the prevention or therapy of AD. As more therapeutics will be targeted towards earlier stages of the disease with identification of subjects in the earliest stages of AD pathology, these issues will become more important in the future [29] .
